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A rod bundle drift-flux correlation is developed with intended application across a wide 
range of two-phase flow conditions. Special consideration is made for fluid flow 
mechanisms at low liquid velocity and low pressure conditions. In these instances, 
gravitational forces from the density difference of the associated fluid phases are more 
significant. Secondary flow patterns may develop as a result and a drift-flux correlation 
would need to make appropriate adjustments. Earlier correlations may have increased 
error at these conditions if they have been formulated with respect to relatively higher 
pressures or flow rates. In the present work, area-average void fraction data at low liquid 
velocity and low pressure conditions is considered. This data was collected from an 
adiabatic 8 x 8 rod bundle test facility using air and water as working fluids. Superficial 
liquid velocity ranged from 0 to 1.0 m/s and superficial gas velocity ranged from 0.030 to 
10.0 m/s. A distribution parameter correlation is developed with respect to this data, an 
existing drift velocity correlation, and the kinematic constitutive relation of the drift-flux 
model. Using this approach, a significant increase in distribution parameter at low liquid 
velocity and relatively low void fraction is observed. This is attributed to secondary flow 
patterns and the newly developed correlation accounts for this behavior. A performance 
analysis demonstrates the new correlation as more appropriate for calculating gas 
velocity and void fraction than earlier correlations. A scaling analysis is provided to 




prototypic plant pressures. Finally, the independent dependence of drift velocity and 










1.1 Background and Motivation 
 
 Power plant safety is regularly demonstrated with system analysis codes that use 
models to replicate two-phase flow. In nuclear power systems, the conditions that these 
models are applied to vary greatly in pressure and flow velocity. Naturally, the governing 
two-phase flow mechanisms vary as well. For instance, high pressure systems are 
influenced relatively less by gravitational (buoyancy) forces because the density 
difference between the dispersed and continuous phases is reduced. At higher liquid flow 
rates, the dispersed phase is subjected to increased convective forces. These effects are 
reversed for low pressure and low liquid flow systems. Accordingly, these considerations 
should be made by a simulation model when applied to either case. 
 The two-fluid model and the drift-flux model are two approaches for modeling 
two-phase systems (Ishii and Hibiki, 2011). Nuclear industry safety analysis codes often 
utilize one-dimensional forms of these models to evaluate the safety of nuclear reactors. 
The two-fluid model provides a rigorous and dynamic solution for two-phase flow 
problems using a separate set of mass, momentum, and energy balance equations for both 
the dispersed and continuous phases. This preserves the necessary dynamic and non-
equilibrium interaction information between the phases when they are not in thermal or 
mechanical equilibrium. Instances of this include sudden mixing; transient flooding and 
flow reversal; transient countercurrent flow; two-phase flow with sudden acceleration; or 
flow regime transition. Obtaining a solution from this model can be challenging because 
some terms, particularly those dealing with interfacial transfer mechanisms, in the field 
equations have yet to be conveniently or accurately modeled. Interfacial transfer terms 
dictate the transfer of mass, momentum and energy between the phases. As a simpler 
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alternative, the drift-flux model incorporates mixture field balance equations with an 
additional mass balance for the gaseous phase. As a result of using mixture balance 
equations, constitutive relations are necessary for supplying information associated with 
the energy difference and relative velocity of the two fluids. The kinematic constitutive 
relation of Zuber and Findlay (1965) accomplishes this for relative motion. This 
differentiates the drift-flux model from a homogenous flow model. Furthermore, the 
kinematic constitutive relation has warranted the drift-flux model as a practical analysis 
tool for many engineering systems where phases are strongly coupled (i.e. near thermal 
and mechanical equilibrium). If the phases are loosely coupled, sufficient interaction time 
is necessary for the drift-flux model to be applicable. Systems with relatively large axial 
flow dimensions may allow for adequate interaction times.  
 Despite the differences between the two fluid model and drift flux model, the one-
dimensional representations of these models both include drift-flux terms in their 
associated field equations. These terms, known as the distribution parameter and drift 
velocity, are the characteristic components of the one-dimensional kinematic constitutive 
relation for the drift flux model. The distribution parameter accounts for the non-
uniformity of void fraction distribution and flow velocity profiles. Drift velocity 
represents the relative motion of the dispersed phase with the mixture volumetric flux. In 
order to maintain physically appropriate models, the correlations used for calculating 
these drift-flux parameters should adjust for the dominating two-phase flow mechanisms 
at various system conditions. Naturally, large power plant systems are characterized by 
high pressures and significant liquid flow rates. However, reduced pressure and low 
liquid flow conditions are also necessary to consider. For instance, significant pressure 
loss in the reactor coolant system occurs during a loss of coolant accident. A subsequent 
reactor coolant pump trip would then reduce the flow rate as backup cooling systems are 
employed. More advanced reactors utilize a passive system with natural driving forces to 
maintain coolant flow. For example, the Economic Simplified Boiling Water Reactor of 
General Electric – Hitachi incorporates a gravity driven core cooling system. Small 
integral reactors may even utilize natural circulation for core cooling during normal 
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operation. Considering the above, it is important that drift-flux correlations for rod bundle 
geometries are applicable towards a wide range of pressure and liquid flow rates. 
 Rod bundles are a distinctive flow geometry in that they may be described with 
two primary length scales. One is the subchannel scale and the other is the bundle case 
scale. However, the width of a typical rod bundle case is characteristic of a large diameter 
flow channel. Furthermore, the flow area in a typical rod bundle is comparatively large 
compared to the stable cap bubble size. Therefore, hydrodynamic mechanisms may be 
similar between these two geometries. For instance, in large diameter pipes with upward 
vertical two-phase flow, increased void concentrations at the center of the flow channel 
with simultaneous downward liquid flow at the channel perimeter have been observed at 
low pressure and low flow conditions (Ohnuki et al., 1995; Ohnuki and Akimoto, 1996). 
These characteristics are attributed to recirculating flow patterns that tend to develop in 
larger channels. Since the rod bundle flow area is representative of a large diameter flow 
channel, these mechanisms may also occur in rod bundles. Experimental evidence for 
these similarities has been provided by some researchers. Paranjape et al. (2010) 
measured increased void fraction concentrations in the central region of rod bundles at 
low liquid flow and low pressure conditions. Chen et al. (2012a, 2012b) demonstrated 
that significantly increased distribution parameter may occur in rod bundles. Chen et al. 
(2012a, 2012b) then shows how these significantly increased distribution parameters can 
only occur if downward flow at the channel periphery occurs. These observations 
increase confidence that recirculating flow patterns are relevant in rod bundles at low 
pressure and low liquid flow conditions.  
A correlation is developed here with respect to area average void fraction data 
that has been collected at low liquid velocity and low pressure conditions. The test 
facility utilized for this data was an adiabatic 8 x 8 rod bundle operated at atmospheric 
pressure conditions. This facility has been scaled in order to preserve the hydrodynamic 
characteristics of two phase flow that would occur in a typical rod bundle of a boiling 
water reactor. The influence of significant two-phase flow mechanisms are illustrated 
through the behavior of distribution parameter and drift velocity. The distribution 
parameter and drift velocity are determined using area averaged measurements of flow 
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rate and void fraction. Based on these observations, a new correlation is developed in 
order to improve upon existing correlations which may have not have placed enough 
consideration in low pressure and low flow conditions during their development. 
 
1.2 Research Objectives 
 
 The major objectives of this work are itemized below: 
 
 Perform a literature review of drift-flux correlations that are relevant to rod 
bundles or the development of a new rod bundle correlation. 
 Perform a literature review of available data that is relevant to low liquid velocity 
and low pressure conditions in rod bundles. 
 Conduct a performance analysis of existing drift-flux correlations used for rod 
bundles to determine their applicability to low liquid velocity and low pressure 
conditions. 
 Develop a new rod bundle correlation that may appropriately adjust for low liquid 
velocity and low pressure conditions. 
 Conduct a performance analysis of the new rod bundle correlation in order to 
demonstrate improvements over earlier correlations. Furthermore, a scaling 
analysis is performed to ensure that the new correlation is scalable to the 
prototypic conditions of a power plant. 
 
1.3 Thesis Outline 
 
 Chapter 1 is meant to introduce the relevance of the drift-flux model and the 
scope of work presented in this thesis. Discussion is made for the significance of this 
work. 
 Chapter 2 presents the findings of an extensive literature review. Relevant drift-
flux correlations are detailed. Databases that represent low liquid velocity and low 
pressure conditions in rod bundles are also explored. 
5 
 
 Chapter 3 presents a recently collected database that is considered in developing 
the new correlation. The experimental facility is described and comparisons between this 
data and earlier existing databases are made to determine a level of confidence in using 
the new data. 
 Chapter 4 presents a performance analysis of existing and relevant correlations for 
rod bundles. The objective of this chapter is to demonstrate the capability of earlier 
correlations when applied to low liquid velocity and low pressure systems in rod bundles. 
 Chapter 5 presents the approach for formulating a new correlation. Justification is 
provided for the steps taken to achieve the final form. 
 Chapter 6 presents the results of a performance analysis of the newly formulated 
drift-flux correlation to demonstrate any improvement over earlier drift-flux correlations. 
A scaling analysis is conducted to illustrate if the new correlation is scalable to the 
prototypic conditions of a power plant. Finally, the drift velocity and distribution 
parameter dependency on void fraction is shown. 
 Chapter 7 summarizes the work that has been performed and the conclusions 








2.1 One-Dimensional Kinematic Constitutive Relation of the Drift-Flux Model 
 
 The constitutive relation by Zuber and Findlay (1965) for the drift-flux model can 
be used to describe relative motion in one-dimensional two-phase flow systems. This 
relation considers the distribution of void fraction over the mixture volumetric flux 
profile using a distribution parameter term. This term is important because the dispersed 
phase flows with respect to the local flow rate and not a global flow rate. Therefore, the 
area-average velocity of the dispersed phase should reflect the effect of a gas phase 
distribution over the flow profile. The relative velocity between the dispersed phase and 
the local volumetric flux is accounted for using a drift velocity term. This kinematic 









    (2.1) 
 
where 
gj ,  , gv , 0C , j , and gjV  are superficial gas velocity, void fraction, gas velocity, 
distribution parameter, mixture volumetric flux, and drift velocity, respectively. The  
and  notations designate area-averaged and area-averaged void-weighted mean 
values, respectively. The definitions for distribution parameter and drift velocity are 



















  (2.3) 
 
 A common approach for evaluating the drift-flux parameters utilizes data plotted 
on a 
gj v  plane. Here, the distribution parameter is represented by the slope of the 
data trend while the drift velocity is given by the intercept of the data trend on the gas 
velocity axis. This approach is only appropriate if the data is measured when the flow and 
void fraction profiles are fully developed. If this approach is used for developing flow, it 
may introduce compensating errors into drift-flux correlations. For example, an over 
estimation of drift velocity could be hidden by an under estimation of distribution 
parameter when used in Eq. (2.1). Similar errors may occur when correlations are 
developed with respect to one another. Here, inaccuracies in one parameter would be 
absorbed by the other. Therefore, drift-flux correlations should be developed independent 
of one another using local flow data with Eqs. (2.2) and (2.3). A demonstration of this 
approach is given by Hibiki and Ishii (2002) when developing a distribution parameter 
correlation for bubbly flow. Additionally, they validate an existing constitutive relation 
by Ishii (1977) for drift velocity in bubbly flow. This independent development 
eliminates the possibility of compensating error between drift-flux terms. 
 For the purposes of this work, appropriate local flow data is not available for 
formulating independent correlations in a rod bundle. However, in the drift-flux 
correlation development, considerations can be made of important two-phase flow 
mechanisms over a range of conditions. If the behavior of a drift-flux correlation is 





2.2 Previous Drift-Flux Correlation Development 
 
 This section presents a foundation of well-developed correlations that the current 
work considers in the new correlation development. Building upon the drift-flux model, 
Ishii (1977) developed correlations to determine distribution parameter and drift velocity 
for various two-phase flow regimes. The distribution parameter was correlated to depend 
on phase density ratio, 
g f  , and Reynolds number. Here, g  and f  are gas density 
and liquid density, respectively. Naturally, as the density ratio approaches unity, 
distribution parameter will also approach unity. Considering this and experimental 
measurements, Ishii proposed a correlation of the form 
 
    







       (2.4) 
 
The C  term represents an asymptotic distribution parameter for given flow conditions. 
For a rectangular or round flow channel, C  was determined as 1.35 or 1.2, respectively. 
For sub-cooled boiling flow, an additional modification is necessary. That is, the 
distribution parameter should approach zero as void fraction approaches zero. This is 
because void becomes increasingly more concentrated at the flow channel wall where 
boiling occurs. In light of this, Ishii (1977) introduced an addition factor to account for 
sub-cooled boiling as 
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g
f










The drift velocity for vertical bubbly flow was developed using a force balance that 
considers buoyancy and drag. Based on rigorous two-phase flow drag law in bubbly flow, 



















where  , g , and   are surface tension, gravitational acceleration, and density 
difference  f g  , respectively. It is important to note that Eq. (2.6) is intended for 
bubbly flow conditions with negligible wall effects. 
Kataoka and Ishii (1987) investigated stagnant liquid flow conditions in large 
channels. Here, recirculating flow patterns were expected to have an effect on velocity 
and void fraction profiles. A flow channel is considered large when the hydraulic 
diameter becomes greater than the maximum stable bubble characteristic length (Kataoka 










When a bubble grows beyond this critical diameter, surface instabilities cause the bubble 
to break apart. Slug flow does not develop in larger flow channels for this reason. 
Considering channel diameter and liquid phase properties, Kataoka and Ishii (1987) 
developed a non-dimensional drift-flux correlation for stagnant liquid flow conditions as 
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 , and 
fN  are non-dimensional drift velocity, non-dimensional hydraulic 
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   
       
 (2.11) 
 
where f  and HD  are dynamic liquid viscosity and hydraulic diameter, respectively. The 
denominator in the non-dimensional drift velocity expression represents bubble rise 
velocity. Equation (2.1) can be made non-dimensional by dividing the remaining velocity 
terms by this characteristic velocity scale. 
Hibiki and Ishii (2003) demonstrated that Eqs. (2.8) – (2.10) are also applicable 
for non-stagnant liquid flow conditions. Based on this, they formulated a drift velocity 
correlation for large flow channels that spans stagnant to high liquid flow conditions. 
This is given by 
 
  1.39 1.39, , 1g gj jgj gj B gj PV V e V e








, 2 1gj BV 




 is given by Eqs. (2.8) - (2.10). A significant attribute of Eq. (2.12) is that 
superficial gas velocity, namely void fraction, is used to appropriately scale the effect of 
recirculating flow patterns at low flow conditions on drift velocity. 
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 Ozaki et al. (2013) determined C  for rod bundles using data from the NUPEC 
test facility (1992) at prototypic conditions. Here, C  is approximated as 1.1 while 
20%   by observing data trends on a gvj   plane. Implementing this into Eq. 









   (2.14) 
 
Ozaki et al. (2013) adopted Eq. (2.12) for calculating drift velocity in rod bundles 
because it may adjust for the effect of recirculating flow patterns that develop over the 
rod bundle cross section. Further discussion on implementing Eq. (2.12) for rod bundles 
is held in section 4.1. 
 Chen et al. (2012a; 2012b) investigated two-phase flow mechanisms in rod 
bundles under stagnant liquid flow conditions. They demonstrated how the distribution 
parameter may initially increase at low volumetric flux conditions before exponentially 
decreasing as superficial gas velocity increases. The expected cause for this was a high 
void fraction concentration in the center of the flow channel with simultaneous 
downward flow around the outer perimeter of the channel. These flow characteristics are 
associated with recirculating flow patterns  
 Figure 1 illustrates a developmental timeline up to the present work. The red 






Figure 1. Drift-flux correlation development timeline. 
Similar to stagnant liquid conditions in Chen et al. (2012b), the distribution parameter at 
low liquid flow conditions may also be affected by recirculating flow patterns. 
Accordingly, the present work will incorporate low pressure and low liquid flow data to 
develop a new rod bundle correlation that bridges the conditions considered by Ozaki et 
al. (2013) and Chen et al. (2012b). The drift-flux correlations that have been discussed in 










Julia et al. (2009)
Rod Bundle 
for Low Pressure Pool Flow
Chen et al. (2012)
Rod Bundle 
for High Pressure Conditions
Ozaki et al. (2013)
Large Channel
Hibiki & Ishii (2003)
Bubble Layer
Thickness Model
Hibiki et al. (2003)




Zuber & Findlay (1965)
Cap-Bubbly Flow
Kataoka & Ishii (1987)
Bubbly Flow
Hibiki & Ishii (2002)
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Table 1. Relevant drift-flux correlations. 
Reference C0 Correlation   <<Vgj>> Correlation 


















































































































Kataoka & Ishii (1987) 
0









when  N 2.25 10
0.0019    :   D 30
0.030                     :   D 30
when  N 2.25 10









































































Kataoka & Ishii (1987)
g g
j j
gj gj B gj P
gj B
gj P







































2.3 Correlations Developed for Rod Bundles 
 
 Relevant drift-flux correlations for rod bundles that have not been discussed in 
section 2.2 are presented in this section. These correlations have also been previously 
detailed in Table 1. 









  (2.15) 
 
Various distribution parameter correlations have been suggested for use with Eq. (2.15) 
in the context of Eq. (2.1). Originally, 0C  = 1.2 was used with Eq. (2.15) (U.S. NRC, 
2008). Codding and Macian (2002) propose that a distribution parameter of one is the 
most appropriate. The TRACE/V5.0 safety analysis code recommends Eq. (2.4) with C  
= 1.2 when void fraction is less than 0.40 and 0C  = 1 when void fraction is greater than 
0.40 (U.S. NRC, 2008). Changing the distribution parameter to unity at greater void 
fraction conditions was implemented to improve an under prediction bias for void 
fraction that was observed for boiling water reactor conditions (U.S. NRC, 2008). The 
TRAC-BF1/MOD1 safety analysis code uses Eq. (2.4) with C  calculated by the 
Rouhani (1969) condition in the bubbly to churn turbulent flow conditions defined by the 















where G is mixture mass flux given by G = 
g g f fj j  . Analytis (1986) proposed 
a modification of the coefficient in Eq. (2.15) to 0.124 instead of 0.188 in order to match 
boil-off data from the NEPTUN facility. 
 At low pressure conditions, Eq. (2.15) will over predict drift velocity. This is 
because the gas density term in the denominator becomes very small at low pressures. 
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Also, the dependency on hydraulic diameter may cause drift velocity to become 
unrealistically large as the flow channel hydraulic diameter increases. Kataoka and Ishii 
(1987) demonstrated that drift velocity is not influenced by hydraulic diameter once the 
flow channel becomes relatively large, e.g. HD
  30. 
Similar to Eq. (2.15), Eq. (2.16) also contains dependencies that may cause 
problems. For instance, as mixture mass flux approaches zero, C  increases to an 
unphysical value. TRAC-BF1/MOD1 must artificially limit the distribution parameter to 
account for this. Also, as mass flux increases, C  approaches unity. Other studies have 
found that C  should be greater than 1 for various flow geometries in these conditions 
(Ishii, 1977; Ozar et al., 2008, Ozaki et al., 2013). Furthermore, the distribution 
parameter from Eq. (2.16) continuously increases as hydraulic diameter increases. Again, 
this dependency in not physically consistent. 
 Chexal and Lellouche (1986) developed a set of relations, also known as EPRI 
correlation, to solve for drift-flux parameters in rod bundles. These relations were 
developed to span the full range of conditions associated with an accident transient and 
have been implemented in the RELAP5 safety analysis code (RELAP5/MOD3.3, 2001). 
It should be noted that it contains a variety of empirical components and may not 
explicitly consider mechanisms such as recirculating flow (Hibiki et al., 2014). 
Therefore, if recirculating flow is significant in rod bundles, the EPRI correlation may 
susceptible to greater uncertainty at low flow and low pressure conditions. 
 
2.4 Available Experimental Data 
 
A variety of two-phase flow rod bundle databases have been collected by a 
number of researchers in multiple test facilities. Many such databases have been listed by 
Chen et al. (2012a), Julia et al. (2012) and Ozaki et al. (2013). However, many databases 
have not been made available for public use. Furthermore, a large portion of these 
databases do not represent low pressure or low flow conditions. References that have 
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Table 2. Details of existing rod bundle databases. 
Reference  <jf>  <jg>  <α>  P  Rod diam. / Pitch  Casing  Fluids 
   [m/s]  [m/s]  [ - ]  [MPa]  [mm]   [mm] 
Anklam & Miller (1982) 0.00 – 0.11 0.03 – 3.56 0.07 – 0.82 4, 7 – 8  9.5 / 12.7  104 x 104 Steam/Water 
Kumamaru et al. (1994) 0.00 – 0.13 0.01 – 4.99 0.04 – 0.92 3, 7, 17  9.5 / 12.6  D = 79  Steam/Water 





In Fig. 5(a), a reference flow regime map for pipe flow is drawn for an air-water 
mixture at P = 0.1 MPa. Since the data displayed in Fig. 5(a) represents steam-water 
systems at a variety of pressure conditions, these boundaries only serve as rough 
representations. In Fig. 5(b), data is plotted on a drift-flux plane with two reference lines. 
These lines roughly illustrate whether the existing datasets are consistent with expected 
two-phase flow characteristics. The solid line uses the bubbly flow drift velocity, Eq. 
(2.13), at 30% void fraction. This is provided as a general minimum for drift velocity 
when superficial gas velocity is low. The broken line uses the drift velocity for large flow 
channels, Eq. (2.9). This is provided as general maximum value for drift velocity as 
superficial gas velocity is increased to cap turbulent regimes. Both lines utilize the 
distribution parameter determined by Ozaki et al. (2013) for rod bundles based on 
prototypic data from the NUPED facility (NUPEC, 1992; Morooka et al., 1991; Inoue et 
al., 1995). Therefore, these lines provide an upper and lower bound based on a range of 
feasible drift velocity values and a constant distribution parameter. In Fig. 5(b), there is 
disagreement between the data by Anklam and Miller (1982) and the data by Kumamaru 
et al. (1994) and Yang et al. (2012). Therefore, some discussion is necessary for these 
discrepancies. 
The data by Yang et al. (2012) was collected from an 8 x 8 rod bundle test facility 
that had a square casing width of 140 mm. Impedance measurements between the metal 
rods and wires that spanned across the flow channel were used to determine void fraction. 
Since this instrumentation intrudes into the flow channel, it may have affected flow 
characteristics in the regions where electrical conduction between the rods and 
impedance wires occurs. As a result, voltage measurements and void fraction calculations 
could have been affected. Kumamaru et al. (1994) collected data from a bundle of 32 
rods in a circular casing with a relatively small diameter D = 79 mm where recirculating 
flow patterns at low pressure and low liquid flow conditions may be suppressed. In this 
assembly, the central rods were heated and the rods at the outer radial positions were 
unheated. This flow geometry and boundary conditions may not be representative of 
prototypic rod bundles. Furthermore, gj  and fj  are not measured directly in 
Kumamaru et al. (1994). Instead, the volumetric flux for each phase at various axial 
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positions is back calculated using an equilibrium quality assumption. Details of this 
approach are provided in the appendix. This approach is also used for the dataset by 
Anklam and Miller (1982). However, the test facility of Anklam and Miller (1982), an 8 
x 8 assembly in a square casing of width 104 mm, is more representative of a prototypic 
rod bundle geometry than the test facility of Kumamaru et al. (1994). As boil-off 
experiments, the conditions in Anklam and Miller (1982) and Kumamaru et al. (1994) are 





3 VOID FRACTION EXPERIMENTATION IN AN 8 x 8 ROD BUNDLE 
 
3.1 Overall Test Facility 
 
 An air water, atmospheric pressure, 8 x 8 acrylic rod bundle test facility was used 
for the present study to collect two-phase low liquid flow data. This geometry is 
representative of a scaled boiling water reactor rod bundle. Preservation of the 
hydrodynamic characteristics is of primary concern for interpreting distribution 
parameter and drift velocity. Therefore, the use of air and water is advantageous over 
heated test facilities because the area-average superficial velocities of the gas and liquid 
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This facility is composed of a lower plenum air injector; differential pressure transducers 
and impedance void meters; rotameters and Venturi tubes; a water pump and magnetic 
flow meter; a data acquisition system computer; and an air-water return/reservoir tank. 
Air and water entered the test section separately into the lower plenum region before 
being returned to the air-water reservoir tank. The air is vented from the reservoir tank 
while the water is re-circulated. 
 The casing of the rod bundle is made of transparent acrylic plates in a 140 x 140 
mm square duct. The acrylic rods have a diameter of 12.7 mm and a pitch of 16.7 mm. 
There are 7 spacer grids located along the length of the test section to limit vibration and 
simulate spacers in the prototypic design. The rod bundle is shown in greater detail in 
Fig. 4. Shown in Fig. 4(a) are the axial locations of impedance meters 1 – 7. These are 
located at ,H Casez D  = 0.7, 9.0, 10.0, 12.2, 13.1, 14.5, and 21.1, respectively. The seven 
pressure ports are at the same locations. The height of the test facility is 3 m. Area 
average void fraction measurements were performed using impedance meters 4 and 6. 
These locations are far enough downstream from the spacer grids so that their effect on 
interfacial structure is negligible (Paranjape et al., 2008). Specifically, the spacer grid 
causes a disturbance in pressure distribution and creates a downstream wake region. This 
low pressure wake region is largely dissipated before impedance meters 4 and 6. The 
scaling of this test facility is discussed in Chen et al. (2012a). 
 The geometry of this test section attempts to preserve the appropriate length 
scales of a prototypic system while simultaneously dealing with engineering constraints. 
For instance, the Laplace length scale, Lo = (σ/gΔρ)0.5, characterizes a typical bubble 
diameter scale. Accordingly, the ratio of a bubble diameter scale to the subchannel or 
bundle casing hydraulic diameter is important for drawing conclusions about the 
hydrodynamic characteristics of a rod bundle. Furthermore, maintaining that ratio 
between prototypic systems and a test facility will help to preserve two-phase flow 
characteristics. This is how the rod diameter and pitch have been determined for this test 
facility. However, engineering constraints rarely allow these scaling ratios to be 
preserved exactly. Details regarding the comparison of length scale ratios between this 
facility and a prototypic system, as well as the implications for two-phase flow behavior, 
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have previously been provided in Chen et al. (2012a). Here, it is concluded that the fluid 
dynamics of the bubbly, cap bubbly, and churn turbulent flow regimes should be largely 












































































3.2 Experimental Instrumentation 
 
Seven pressure ports along the axial length of the rod bundle were included in the 
test facility. Each port was connected to a pressure transducer (Honeywell model 
ST3000). An additional transducer was connected to the bottom port to measure gauge 
pressure. The output current (4 – 20 mA) from these transducers were converted to a 
voltage (1 – 5 V) by passing through a resistor (250 kΩ). By defining the upper and lower 
pressure values of the transducer, these measurements were converted to differential 
pressures. These measurements were taken between ports 3 and 4 and ports 5 and 6 for 
impedance meter calibration. The space between these ports did not have a spacer grid. 
Also, the impedance void meters were calibrated at low liquid flow rates when the 
friction pressure drop is negligible. Therefore, the differential pressure between these 
ports was only attributed to gravitational effect. 
 
 . .Meas Gravp p    (2.17) 
 
Considering the height between ports and the pressure drop associated with each phase, 












where H  is the length of the test section between two ports. 
 Area-averaged void fraction measurements were taken using impedance meters. 
Each meter consists of two stainless steel electrodes that were flush mounted on opposite 
sides of the flow channel. Since there is a significant difference in conductivity for air 
and water, measured voltages can be related to void fraction through calibration. In order 














where V  is the measured voltage. The subscripts in Eq. (2.19) designate voltages at void 
fractions of 0 and 1. For a variety of gas flow rates, V   is plotted against void fraction 
measurements from differential pressure transducers on a V    plane. A fifth order 
polynomial expression is then fit to the plotted data and functions as a calibration curve. 
Error in the void measurements from the impedance meters is a combination of the error 
in the differential pressure calculated void fraction, the error in the non-dimensional 
voltage, and the error in the calibration curve fit. Considering the contributing factors for 
uncertainty, the error in a void fraction from the impedance meter was approximately
8% . 
 Air flow into the test facility was measured using one of two rotameters (Brooks 
Instrument Division) or one of two Venturi tubes, depending on the desired flow rate. 
The gas flow rate was read directly off the rotameters in standard liters per minute. This 
was directly converted to superficial gas velocity using the flow area. Relative error in 
superficial gas velocity determined using the rotameter was approximately  2% (full 
scale). The flow rate from the Venturi tube was determined by measuring the pressure 
difference across the tube with a pressure transducer (Honeywell model ST3000). As 
before, the current from the pressure transducer was passed over a resister (250 kΩ) to 
produce a voltage (1 – 5 V). Using a calibration curve from the manufacturer, back 
pressure, regulator pressure, and air temperature, the voltage was converted to flow rate 
and superficial gas velocity. The uncertainty in area average superficial gas velocity 
determined using the Venturi meter is approximately   4% of the measured value. 
 The liquid flow rate through the test facility was determined with a Yamatake 
MagneW 3000 PLUS magnetic flow detector (model MGS18) and converter (Model 
MGG14C). This instrumentation outputs a current of 4 – 20 mA which passes through a 
resistor of 250 kΩ to produce a voltage value of 1 – 5 V. By setting the upper and lower 
values of the flow meter, the measured flow rate could be determined. Relative error in 
superficial liquid velocity from the magnetic flow meter was approximately  0.5%. The 
flow rate was controlled by throttling a bypass valve that directed water from the pump 
outlet back to the reservoir tank. 
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 The water temperature at the inlet of the rod bundle was measured with an 
ungrounded thermocouple (Omega K-type). The regulator pressure and pack pressure on 
the system was recorded manually from gauges. 
 
3.3 Experimental Results and Analysis 
 
 Measurements have been taken over a range of gas flow conditions at six distinct 
liquid flow conditions. The measurements from the impedance meters are displayed in 
Fig. 5 and further detailed in Table 3. Comparing Fig. 5(a) to Fig. 2(a), the newly 
collected data is considerably more systematic than existing data by maintaining fj  
over a range of gj  conditions. In Fig. 5(b), the data trend increases beyond the 
demonstrative lines at lower flow rates before converging again at higher flow 
conditions. Since the broken line represents an upper bound for drift velocity, the system 
distribution parameter may be largely responsible for the increase in void weighted mean 
gas velocity, gv . Based on previous observations in large channels (Ohnuki and 
Akimoto, 1996) and rod bundles (Paranjape et al., 2010), increased concentrations of 
void fraction develop in the central region during these low flow conditions. This would 
promote the formation of cap bubbles and increase the drift velocity and distribution 
parameter. A simultaneous downward liquid flow at the channel casing perimeter would 
then be responsible for a further increase in distribution parameter. As mixture 
volumetric flux increases, the increasing convective forces would reduce the magnitude 
of these effects. This may explain why the data approaches the solid and broken 
representative lines at higher flow conditions in Fig. 5(b). Such mechanisms warrant a 
performance analysis of earlier rod bundle correlations to test their applicability to low 
































>  0.10 m/s
 <j
f
> = 0.25 m/s
 <j
f
> = 0.50 m/s
 <j
f
> = 0.75 m/s
 <j
f

























Superficial Gas Velocity,  <j
g
>  [m/s]
Mishima & Ishii (1984)
 Bubbly to Slug
 Slug to Churn
 Slug to Annular
 Churn to Annular











> = 0.00 m/s
 <j
f
> = 0.10 m/s
 <j
f
> = 0.25 m/s
 <j
f
> = 0.50 m/s
 <j
f
> = 0.75 m/s
 <j
f


























Non-D. Mixture Volumetric Flux,  <j
+
>  [ - ]
 C
0
 = 1.1 (Ozaki et al., 2013)
      <<V
gj,P
+
>> = 2.66 (Kataoka & Ishii, 1987)
 C
0
 = 1.1 (Ozaki et al., 2013)
      <<V
gj,B
+
>> = 0.76 (Ishii, 1977)
27 
 
Table 3. Details of the low liquid velocity and low pressure data (Hibiki et al., 2014). 
<jf>  <jg>  <α> 
[m/s]  [m/s]  [ - ] 
0.00  0.06 - 9.89 0.14 - 0.93 
0.10  0.03 - 10.0 0.06 - 0.90 
0.25  0.03 - 9.20 0.05 - 0.83 
0.50  0.06 - 8.29 0.08 - 0.79 
0.75  0.12 - 7.04 0.09 - 0.74 
1.00  0.24 - 6.33 0.15 - 0.70 
 The data collected at 0 m/sfj   is compared against existing stagnant liquid 
data by Chen et al. (2012a) in Fig. 6. Here, excellent agreement is made. This would be 
expected because the same test section was used for both datasets. Furthermore, the data 




Figure 6. Comparison of the low liquid flow and low pressure data with Chen et al. 
(2012a) data. 
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 The very low flow data, fj  = 0 – 0.1 m/s, from the present work is compared 
against the near stagnant liquid data from Anklam and Miller (1982) and Kumamaru et 
al. (1994) in Fig. 7. The new data more closely agrees with Anklam and Miller (1982) 
than Kumamaru et al. (1994). This may be in large part because of the differences in flow 
geometry. The test section geometry used by Anklam and Miller (1982) is similar to the 
test section in the present work, unlike the smaller cylindrical test section in Kumamaru 
et al. (1994). The smaller test section may significantly inhibit recirculating flow patterns 
from developing and thus maintain a smaller distribution parameter and drift velocity. 
 Figure 8 illustrates the present dataset against the data by Yang et al. (2012). 
Here, a larger scatter is observed in the data from Yang et al. (2012). This data might not 
represent prototypic conditions because the invasive impedance meter instrumentation 
may have disturbed the two-phase flow conditions in the regions where impedance 









Figure 7. Comparison of the low liquid flow and low pressure data with (a) Anklam and 
Miller (1982) and (b) Kumamaru et al. (1994) data. 
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Figure 8. Comparison of the low liquid flow and low pressure data with Yang et al. 
(2012) data. 
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4.1 Correlation Comparison 
 
 A combination of the Bestion (1985) correlation for drift velocity, Eq. (2.15), and 
the Rouhani (1969) correlation for distribution parameter, Eq. (2.16), is used in Eq. (2.1) 
to calculate two-phase flow conditions. These results are compared against the data from 
Hibiki et al. (2014) in Fig. 9. 
 It can be seen from Fig. 9 that the Rouhani (1969) correlation is ill-suited for 
stagnant liquid, low pressure conditions. This is because of the dependence it has on mass 
flux, G. As 
fj  approaches zero at low pressure, mass flux becomes very small. This 
results in an unrealistically large distribution parameter. This issue is less pronounced at 
much higher pressure conditions because steam density is much greater. This keeps the 
mass flux term from becoming very small as 
fj  approaches zero. The effect of this 










Figure 9. Comparison of the low liquid flow and low pressure data with the Bestion 
(1985) and Rouhani (1969) correlations (a) drift flux plane (b) void fraction calculation. 
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Drift velocity is vulnerable to error for similar reasons. The gas density term in 
the denominator of Eq. (2.15) becomes considerably smaller as pressure decreases from 
plant operating conditions. This causes drift velocity to increase towards unrealistic 
values. The effect of this dependence is observed in Fig 9(a). Here, the correlations lines 
intersect the gas velocity axis at greater values than the data trend. As mentioned before, 
this intersection represents the magnitude of drift velocity. 
 A comparison between the EPRI (Chexal and Lellouche, 1986) correlation and 
the data from Hibiki et al. (2014) is shown in Fig. 10. The EPRI correlation predicts the 
low liquid flow data with significantly less error than the Bestion (1985) and Rouhani 
(1969) correlations. Figure 11 is provided to illustrate relative error for the EPRI 








Figure 10. Comparison of the low liquid flow and low pressure data with the EPRI 
(Chexal and Lellouche, 1986) correlation (a) drift-flux plane (b) void fraction calculation. 
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Figure 11. Relative Error of EPRI (Chexal and Lellouche, 1986) correlation towards low 
liquid flow and low pressure data. 
Each relative error point in Fig. 11 is determined from data that falls in a 5%  void 
fraction range. For example, relative error illustrated at a void fraction of 20% is 
calculated using data that falls between 15% and 25% void fraction. From Fig. 11, the 
EPRI correlation produces the largest relative error at the lower range of mixture 
volumetric flux conditions.  Overall prediction error of EPRI correlation is reasonable but 
the prediction accuracy is considerably deteriorated when void fraction decreases. This 
demonstrates that EPRI correlation does not consider two-phase flow mechanisms at low 
flow and low pressure conditions appropriately. 
 The Bestion (1985) correlation has also been used in the TRACE/V5.0 safety 
analysis code. Here, the suggested distribution parameter is Eq. (2.4) with C  = 1.2 when 
  0.40 and 0C  = 1 when   0.40. A comparison of this correlation with the data 
from Hibiki et al. (2014) is shown in Fig. 12. 
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Figure 12. Comparison of the low liquid flow and low pressure data with the correlation 
referenced by TRACE/V5.0 (a) drift-flux plane (b) void fraction calculation. 
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In this comparison a simple weighting factor is used to adjust the distribution parameter 
when void fraction is between 0.35 and 0.45. Compared to Fig. 9, the bias in Fig. 12 is 
reduced in magnitude for higher void fraction conditions by implementing a distribution 
parameter of unity when    0.4. Also, less error is seen at stagnant liquid flow 
conditions because the Rouhani (1969) correlation used for data shown in Fig. 9 has been 
replaced by C  = 1.2 in Fig. 12. 
 The correlation of Ozaki et al. (2013), Eqs. (2.12) and (2.14), is compared against 
the present data in Fig. 13. From the void fraction plane, it is clear that the Ozaki et al. 
(2013) correlation produces larger errors at lower liquid volumetric flux conditions. 
Much of the data utilized for the Ozaki et al. (2013) correlation is representative of 
relatively higher flow and pressure conditions. Therefore, two-phase flow phenomena 
that were discussed in section 4.1 for the low liquid velocity and low pressure data from 
Hibiki et al. (2014) may not be present in the conditions considered by Ozaki et al. 
(2013). For instance, gravitational (buoyancy) forces are reduced at high pressure and 
turbulence is enhanced at higher flow. This may prohibit centralized cap bubbles from 








Figure 13. Comparison of the low liquid flow and low pressure data with the Ozaki et al. 
(2013) correlation (a) drift-flux plane (b) void fraction calculation. 
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 Hibiki and Ishii (2003) recommend correlations for use in large diameter pipes 
depending on gas injection and flow conditions. When void fraction is less than 30%, Eq. 





exp 1    for   0 0.90.475
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When void fraction is greater than 30%, the Kataoka at Ishii (1987) correlation or Ishii 
(1977) churn-turbulent correlation is utilized for drift velocity while distribution 
parameter is determined by Eq. (2.4) with C  = 1.2. During churn flow conditions, 















In conjunction with Eq. (3.2), the distribution parameter is determined by Eq. (2.4) with 
C  = 1.2 when 0.3  . A comparison of these correlations to the Hibiki et al. (2014) 








Figure 14. Comparison of the low liquid flow and low pressure data with the Hibiki and 
Ishii (2003) correlation (a) drift-flux plane (b) void fraction calculation. 
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Here, the Hibiki and Ishii (2003) correlations for large diameter pipes produce the largest 
error when liquid volumetric flux approaches zero. As the liquid volumetric flux 
increases, the results become much more accurate. This comparison clearly indicates that 
the drift-flux correlation developed in round channels may not be applicable to the flow 
in rod bundle geometries. 
 The Kataoka and Ishii (1987) correlation for stagnant liquid flow in large 
diameter channels, Eq. (2.9) and Eq. (2.4) with C  = 1.2, is compared to the present data 
in Fig. 15. 
 The uncertainty associated with Figs. 9, 10, and 12 - 15 have been tabulated in 
Table 4. Here, the average relative error is listed for each correlation under different fj  

















  (3.3) 
 
In general, uncertainty in each correlation increases as superficial liquid velocity 
decreases. Relative error is also significantly larger when void fraction is less than 40% 
for each liquid flow condition. Recirculating flow patterns would be the more developed 
when   < 0.40 in the data from Hibiki et al. (2014). Since relatively more error is 
observed at these lower void fraction conditions, the consideration of recirculating flow 
characteristics in rod bundles may improve the accuracy of drift-flux correlations. Similar 
results are tabulated for the data by Anklam and Miller (1982), Kumamaru et al. (1994), 









Figure 15. Comparison of the low liquid flow and low pressure data with the Kataoka and 
Ishii (1987) correlation (a) drift-flux plane (b) void fraction calculation. 
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Table 4. Average relative error [%] for void fraction prediction of low liquid flow and low pressure data. 
Correlation <jf> = 0.00 m/s <jf> = 0.10 m/s <jf> = 0.25 m/s <jf> = 0.50 m/s <jf> = 0.75 m/s <jf> = 1.00 m/s Overall 
  0.4 0.4/    0.4 0.4/    0.4 0.4/    0.4 0.4/    0.4 0.4/    0.4 0.4/    
Bestion (1985) & 73.2 / 58.4  38.9 / 24.4  38.8 / 21.1  33.3 / 16.5  28.4 / 13.6  31.2 / 14.8  35.2 
Rouhani (1969) 
EPRI  17.1 / 4.1  21.7 / 7.8  24.2 / 2.7  18.3 / 3.4  8.5 / 4.0  15.0 / 7.9  9.9 
Bestion (1985)* 52.5 / 13.9  36.1 / 8.0  38.1 / 9.9  33.8 / 8.6  29.9 / 7.3  33.4 / 10.6  22.3 
Ozaki et al. (2013) 54.1 / 18.7  71.7 / 25.4  54.8 / 17.3  45.3 / 18.5  32.9 / 17.6  17.0 / 13.1  30.1 
Hibiki & Ishii (2003) 52.2 / 20.3  67.4 / 25.3  50.5 / 15.9  38.8 / 15.5  28.5 / 12.7  12.1 / 7.5  27.4 














Table 5. Average relative error [%] for void fraction prediction of auxiliary data. 
Correlation  Anklam & Miller (1982) Kumamaru et al. (1994) Yang et al. (2012)  Overall 
   0 0.4 0.4/     0 0.4 0.4/     0 0.4 0.4/      
Bestion (1985) &  76.5 / 16.0  10.5 / 17.4  67.5 / 35.5  34.0 
Rouhani (1969) 
EPRI   102.4 / 49.0  21.6 / 6.5   35.4 / 11.6  36.4 
Bestion (1985)*  111.0 / 44.7  19.5 / 5.9   67.7 / 30.4  41.6 
Ozaki et al. (2013)  92.4 / 28.4  25.5 / 7.1   19.0 / 13.6  28.9 
Hibiki & Ishii (2003) 86.8 / 38.4  18.6 / 7.0   19.8 / 12.3  28.2 





 ≥ 30 





4.2 Summarizing Remarks 
 
 The rod bundle data referenced for this work illustrate an increased drift velocity 
and distribution parameter at low liquid velocity and low pressure conditions. Based on 
previous studies with large diameter channels (Ohnuki et al., 1995; Ohnuki and Akimoto, 
1996), these results may be attributed to recirculating flow patterns. Characteristics of 
this include the formation of cap bubbles, a higher concentration of void in the central 
flow region, and downward liquid flow near the flow channel casing periphery. These 
mechanisms observed in large diameter channels may also occur in rod bundles because 
the characteristic length of the rod bundle casing represents a large flow channel. 
Furthermore, higher void concentrations in the center of the flow channel have been 
observed at low pressure and low flow conditions in rod bundles (Paranjape et al., 2010); 
a necessary conditions for recirculating flow. Chen et al. (2012a) observed an increased 
distribution parameter for stagnant liquid flow in rod bundles. The present work 
demonstrates similar results for lower liquid flow conditions. However, this phenomenon 
diminishes as liquid flow rate increase. This would be expected if recirculating flow 
patterns are responsible because they would devolve as convective forces increase with 
an increasing flow rate. 
Previous drift-flux correlations for rod bundles may not consider these effects 
because rod bundles have been typically associated with higher pressure and higher flow 
conditions. At high pressure, the relative phase density difference is reduced and 
gravitational (buoyancy) forces are mitigated. At higher flow conditions, the dispersed 
phase is subjected to increased convective forces. For these reasons, two-phase flow 
mechanisms would be markedly different than for low pressure and low flow systems. As 
a result, recirculating flow patterns have not been noted in prototypic rod bundle systems. 
Furthermore, experiments with heated rod bundle systems use thermal equilibrium 
assumptions to calculate the superficial velocities of gas and liquid (Anklam and Miller, 
1982; Kumamaru et al., 1994). This introduces uncertainty in flow rate measurements. 
 The relatively new database for low pressure and low liquid flow conditions is 
used for a performance analysis of previous drift-flux correlations to check applicability. 
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Here, significant error is observed amongst the considered drift-flux correlations. In 
addition, error is significantly greater when void fraction is less than 40% for each liquid 
flow condition in the present test matrix. These are conditions when recirculating patterns 
would be most influential. Based on this, drift-flux correlations should be improved by 
considering these effects at low liquid flow and low pressure conditions. These 
conditions are significant for rod bundles because they would be anticipated during a 
small break loss of coolant accident. Furthermore, some of the newest generation of 
reactor designs are intended to be operated at natural circulation conditions. The present 









5.1 Development Strategy 
 
 Modeling two-phase flow in rod bundles requires consideration of two different 
length scales. They are the sub-channel and the bundle case length scales. The flow 
regime dictates which scale is relevant to the behavior of two-phase flow in a rod bundle. 
For instance, at low void fraction conditions, such as the case of bubbly flow, flow 
patterns are relatively uniform from one sub-channel to the next, across the whole rod 
bundle. Here, the sub-channel length scale is appropriate for characterizing two-phase 
flow across the rod bundle (Paranjape et al., 2010). Therefore, Eq. (2.6) is appropriate for 
describing drift velocity during bubbly flow conditions. Conversely, as the flow regime 
transitions from bubbly to cap and cap turbulent flow, the bundle casing length scale is 
more appropriate. This is because flow patterns are no longer uniform from one sub-
channel to the next. At these conditions, a relatively larger void fraction concentration 
develops in the central region of a rod bundle flow channel (Paranjape et al., 2010). 
Therefore, Eq. (2.9) with the bundle case length scale is more appropriate for calculating 
drift velocity. 
 As mentioned earlier, the drift velocity correlation for large flow channels by 
Hibiki and Ishii (2003) accounts for developing recirculation flow patterns as superficial 
gas velocity increases. Equation (2.12) may consider the both the sub-channel and bundle 
case length scales at appropriate flow conditions. For this reason, it is utilized to calculate 
drift velocity for the rod bundle data in the present work. This is the approach used by 




geometries. However, as flow rate increases, the drift velocity term is less significant for 
calculating void fraction in Eq. (2.1). The new rod bundle correlation development 
strategy is as follows: 
 
(1) The drift velocity is first determined for the data by using the correlation by 
Hibiki and Ishii (2003), Eq. (2.12).  It should be noted here that the bundle case 
length should be utilized to calculate the drift velocity. 
(2) The distribution parameter is then back calculated from Eq. (2.1) using the drift 
velocity from the previous step and the associate data. 
(3) A correlation is developed for distribution parameter based on the results from the 
previous step. 
(4) The newly developed correlation is then compared against other relevant drift-
flux correlations using the data from Hibiki et al. (2014), Anklam and Miller 
(1982), Kumamaru et al. (1994), and Yang et al. (2012). 
 
5.2 Distribution Parameter Correlation 
 
 The distribution parameters obtained from low flow and low pressure data are 






Figure 16. Comparison of distribution parameter from low liquid flow and low pressure 
data with the new correlation. 
First, as j  defined by  
1 4
2
fgj     increases, the distribution parameter 
increases to a maximum value, maxC . The mixture volumetric flux condition at which 
maxC  occurs is referred to here as maxCj 
 . The second trend follows an exponential 
decrease in 0C  as mixture volumetric flux increases further. In addition, as superficial 




  increases, maxC  decreases. 
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Figure 17. (a) Dimensionless mixture volumetric flux conditions for maximum 
distribution parameter (b) Maximum distribution parameter values 
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Figure 18 is provided to further illustrate the behavior of the distribution parameter and 
the terminology utilized for description. It should be noted here that C  is approximately 
the same as 
0
C  due to low pressure. 
 
 
Figure 18. Illustration of the distribution parameter behavior. 
The initial increase in distribution parameter towards maxC  may be attributed to an 
increasing concentration of gas in the high velocity (central) regions of the flow channel 
and simultaneous downward liquid flow at the outer perimeter. Increasing the flow rate 
beyond the conditions for maxC  enhances co-current flow which would effectively 
decrease the distribution parameter. This decrease approaches a constant value designated 
here as jC  . From the data trend, the value of jC   is approximately 1.1. This matches the 
distribution parameter determined by Ozaki et al. (2013) for rod bundles at prototypic 
conditions. As superficial gas velocity decreases to zero, the initial distribution parameter 
is set to 0 1.0jC  . This represents an even distribution of void fraction over the rod 
bundle cross section. 
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 For the new correlation, the distribution parameter is approximated by a linear 
increasing and exponential decreasing region as shown in Fig. 18. A boundary condition 
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Furthermore, the exponential decrease is described using 
  
     B jjH j A CC C ej

 
   (4.2) 
 
where A  and B  are empirically determined constants. This is illustrated in Fig. 19. 
 
 
Figure 19. Distribution parameter decay correlation 
Utilizing a least squares curve fitting approach, A and B are determined as 2.94 and 
0.100, respectively. 
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  and 
fj
  is determined. First, an 
approximated linear fit for data associated with a given 
fj
  condition in the LC  region 
is made. The intersection points between these linear trends and Eq. (4.2) are then 




   plane as shown in Fig. 17(a) and may be approximated 




j m j b

    (4.3) 
 
These transitions are expected to be related to changes in two-phase flow structure. Void 
fraction has often been used to designate the boundary condition between two-phase flow 
regimes. For instance, Taitel et al. (1980) discussed that if bubble breakup is minimal, the 
void fraction criteria for transition from bubbly to slug flow is approximately 0.25. 
Mishima and Ishii (1984) used a geometrical consideration to demonstrate that a suitable 
void fraction transition condition between bubbly and slug flow is approximately 0.30. 
Hibiki and Ishii (2001) illustrate that the bubble to slug transition may occur in a large 
diameter pipe over a range of void fractions between 0.15 and 0.30 if bubble residence 
time is considered. For instance, bubbles that have more time to interact have a greater 
chance to coalesce and transition from bubbly to cap-bubbly flow. Therefore, at lower 
liquid flow rates, less void fraction is needed to achieve cap-bubbly flow over a given 
length of travel. Considering these previous works in flow regime transition, the 
transition conditions in Fig. 17(a) may be associated with a critical void fraction, 
crit
 , 
that corresponds to a transition in two-phase flow structure. Therefore, the coefficients m 
and b in Eq. (4.3) can be related to critical void fraction. 
In order to express Eq. (4.3) in terms of void fraction, a relationship with Eq. (2.1) 




























  and 
fj
 . 




















  is the void fraction at which the maximum distribution parameter occurs for 
a given superficial liquid velocity. By equating the relative terms from Eqs. (4.4) and 

















  (4.6) 
 
In order to observe the behavior of crit , the critical void fraction associated for each 
superficial liquid velocity condition is displayed in Fig. 20. 
 
 
Figure 20. Comparison of critical void fraction to superficial liquid velocity. 
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Here, critical void fraction linearly increases with superficial liquid velocity. This trend 
may be attributed to the effect of bubble residence time on flow regime transition criteria 
(Hibiki and Ishii, 2001).  At greater liquid flow rates, bubbles have less time to interact 
and coalesce. Accordingly, a transition from bubbly to slug flow, over a given channel 
length, requires increased coalescence rates. This can be accomplished with higher void 
fractions. However, this increasing trend should eventually level off at a limiting bubbly 
to slug transition condition. In Fig. 20, the limiting void fraction condition of 0.52 is 
incorporated from transition criterion between finely-dispersed bubbly flow and slug flow 
(Taitel et al., 1980). 
The relationship between critical void fraction and superficial liquid velocity for 
this dataset, as observed in Fig. 20, is approximated by 
 
  min 0.0284 0.125,  0.52fcrit j    (4.7) 
 
This relation for critical void fraction may be substituted by a constant for simplicity 
which is further discussed in the appendix. Utilizing Eqs. (2.12), (4.2), and (4.7), the 




  can be calculated. This relation has 
previously been illustrated by the solid line in Fig. 17(a). At relatively higher superficial 
liquid velocity conditions, the accuracy of Eq. (4.3) or Eq. (4.7) is less significant. This is 
because at higher flow conditions, the distribution parameter is essentially determined by 
Eq. (2.14). That is, the increase in distribution parameter due to recirculating flow is 
negligible, as observed in Fig. 16. 


























The first bracket represents the slope of LC  for a given superficial liquid velocity. As 
gj
  increases, LC  approaches HC . As gj
  decreases, LC  approaches 0jC . 
 Finally, it is necessary to scale distribution parameter based on fluid properties or 
system pressure. This is done by incorporating Eq. (2.4). The new correlation is 
illustrated in Fig. 16 and detailed in Table 6. 
 
Table 6. New drift-flux correlation for rod bundles. 
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6.1 Performance Analysis 
 
 As discussed earlier, an increasing distribution parameter is expected for low 
superficial gas velocity conditions before steadily decreasing back to 1.1jC   . 
Therefore, this trend should appear when predicting gas velocity. The new correlation is 
compared against the data from Hibiki et al. (2014) in Fig. 21. The proposed correlation 
approximates the expected trend while maintaining suitable agreement with the data. For 
comparison, the Ozaki et al. (2013) correlation is included in Fig. 21(a) and (b). 
Disagreements at low flow conditions are attributed to the conditions considered in 
developing the respective correlation. The reference database for the Ozaki et al. (2013) 
formulation includes a variety of high pressure or high flow cases. Here, two-phase flow 
characteristics are significantly different than that of low pressure or low flow systems. 
For instance, as system pressure increases, the density difference between continuous and 
dispersed phases decreases. Accordingly, gravitational forces that may influence two-
phase flow characteristics are diminished. Furthermore, at high flow conditions, 





 (a) (b) 
  
(c) 
Figure 21. Comparison of the low liquid flow and low pressure data with the newly 
formulated correlation (a) drift-flux plane (b) enlarged drift-flux plane (c) void fraction 
calculation. 
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 The proposed correlation is next compared against existing correlations for void 
fraction prediction. Figure 22 illustrates the results on a separate 
gj 
   plane for 
each superficial liquid velocity condition. For the correlation suggested by TRACE/V5.0, 
a simple weighting factor is introduced to adjust the distribution parameter when void 
fraction is between 0.35 and 0.45. The lower void fraction conditions utilize Ishii (1977) 
and the higher void fraction conditions use 
0 1C  . In Fig. 22, the proposed correlation 
approximates the low flow data well when compared to the other correlations. Overall, 
the largest disagreements between the data and respective correlations occur at lower 
liquid velocity conditions. 
 Table 7 summarizes the average relative error for the correlations at each 





   
 (a) (b) 
   
 (c) (d) 
   
 (e) (f) 
Figure 22. Comparison of the low liquid flow and low pressure data with drift-flux 
correlations at given superficial liquid flow conditions (a) <jf> = 0.00 m/s (b) <jf> = 0.10 
m/s (c) <jf> = 0.25 m/s (d) <jf> = 0.50 m/s (e) <jf> = 0.75 m/s (f) <jf> = 1.00 m/s. 
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Table 7. New correlation average relative error [%] for void fraction prediction of Hibiki et al. (2014) data. 
Correlation <jf> = 0.00 m/s <jf> = 0.10 m/s <jf> = 0.25 m/s <jf> = 0.50 m/s <jf> = 0.75 m/s <jf> = 1.00 m/s Overall 
  0.4 0.4/    0.4 0.4/    0.4 0.4/    0.4 0.4/    0.4 0.4/    0.4 0.4/    
New Correlation 4.0 / 5.2  8.7 / 3.2  6.0 / 2.4  4.7 / 2.9  7.5 / 3.9  6.3 / 3.9  4.5 
<α>crit = Eq. (4.7) 
New Correlation 6.7 / 5.2  13.3 / 3.2  8.4 / 2.4  4.2 / 2.9  4.8 / 3.9  13.8 / 3.9  5.5 





 Figure 23 is provided to illustrate the uncertainty of the proposed correlation in 
greater detail. Here, there are no distinct biases present in void fraction prediction by the 
new correlation and the random error is mostly within the 10%  error band. A 
performance analysis has also been performed using the available rod bundle data that 
were not considered in the present correlation development. The results are displayed in 
Table 8. 
 Overall, the proposed correlation still performed better than other correlations 
with an average relative error of 23.0%. The detailed analysis shown in Tables 4 and 5 
demonstrate that earlier correlations may not be appropriate in low flow and low pressure 
conditions. The largest uncertainty is observed at relatively lower liquid flow conditions 
and when void fraction is less than 0.40. These are conditions when recirculating flow 
patterns may be the most developed. 
 
 
Figure 23. Average relative error in new correlation prediction of the low liquid flow and 
low pressure data. 
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Table 8. New correlation average relative error [%] for void fraction prediction of auxiliary data. 
Correlation  Anklam & Miller (1982) Kumamaru et al. (1994) Yang et al. (2012) Overall 
   0 0.4 0.4/     0 0.4 0.4/     0 0.4 0.4/      
New Correlation  33.2 / 5.6  16.9 / 32.1  37.8 / 18.9  24.3 
<α>crit = Eq. (4.7) 
New Correlation  37.1 / 5.6  19.5 / 32.1  39.7 / 18.9  25.5 





6.2 Application to Full Scale Pressure Conditions 
 
The present correlation has been developed with air-water data at atmospheric 
pressure. It is important to illustrate that this correlation can also scale appropriately to 
prototypic conditions. That is, steam-water mixtures at high pressure conditions. Figure 
24 demonstrates the behavior of the new correlation as it is scaled to typical boiling water 
reactor pressure, P = 7 MPa, and pressurized water reactor pressure, P = 15.5 MPa. 
 As pressure increases, the distribution parameter becomes relatively constant over 
the range of flow velocities. This is justified because the density difference between the 
dispersed and continuous phases decreases as pressure increases. This promotes a more 
uniform phase distribution and impedes recirculating flow patterns from developing. As a 
result, the distribution parameter would remain relatively constant at higher pressure 
conditions. Since the Ozaki et al. (2013) correlation was developed with regard to 
primarily high pressure data, it replicates this characteristic and the proposed correlation 
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Figure 24. New correlation at plant scale pressure conditions for given superficial liquid 
velocities (a) <jf> = 0.00 m/s (b) <jf> = 0.10 m/s (c) <jf> = 0.25 m/s (d) <jf> = 0.50 m/s 
(e) <jf> = 0.75 m/s (f) <jf> = 1.00 m/s. 
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6.3 Distribution Parameter and Drift Velocity Analysis 
 
 It is important to demonstrate that a drift flux correlation have appropriate 
dependencies on physical conditions. This is because compensating error between drift 
velocity and distribution parameter may result when analyzing void fraction calculations 
from the drift-flux kinematic constitutive relation, Eq. (2.1). In light of this, the 
dependency on void fraction is shown for drift velocity and distribution parameter in 
Figs. 25(a)-(e). Increased confidence in drift-flux correlations may be attained if 
appropriate dependencies are observed. Figures 25(a) and 25(b) represent the EPRI 
correlation, Figs. 25(c) and 25(d) represent the Ozaki et al. (2013) correlation, and Figs. 
25(e) and 25(f) represent the newly developed correlation. 
 The EPRI correlation automatically adjusts for sub-cooled boiling as the 
distribution parameter approaches zero with decreasing void fraction in Fig. 25(a). The 
differences observed between Figs. 25(c) and 25(e) are the result of considering low 
liquid velocity and low pressure conditions. The increased distribution parameter would 
be expected if secondary flow patterns are present. The EPRI correlation does not make 
this consideration. 
 The EPRI drift velocity, as shown in Fig. 25(b), may have an inappropriate 
dependency on pressure. That is, drift velocity becomes unrealistically large as system 
pressure approaches atmospheric conditions. Only slight differences are observed 
between Figs. 25(d) and 25(f) because the drift velocity correlations are the same. 
Furthermore, the EPRI drift velocity continuously decreases as void fraction increases. 
This is another unphysical dependency because drift velocity should increase as void 
fraction increases towards cap-turbulent flow conditions. This is because larger cap 








Figure 25. Drift-Flux Parameter Dependence on void fraction (a) EPRI Drift Velocity (b) 
EPRI Distribution Parameter (c) Ozaki et al. (2013) Drift Velocity (d) Ozaki et al. (2013) 
Distribution Parameter (e) New Correlation Distribution Parameter (f) New Correlation 
Drift Velocity. 
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 In this section, each chapter is first summarized and then the overall conclusions 
of this work are tabulated. 
 Chapter 1 provides background information about the drift-flux model and its 
importance for the engineering analysis of two-phase flow systems. Two-phase flow 
mechanisms associated with nuclear reactor rod bundles that would affect drift-flux 
parameters (i.e. drift velocity and distribution parameter) are also discussed. This is 
meant to establish the importance of considering low liquid flow and low pressure 
conditions when developing rod bundle drift-flux correlations. Increased gravitational 
effects on two phase flow may result in secondary flow patterns. Accordingly, these 
effects should be represented by the drift-flux parameters. The objectives of this research 
for developing an improved drift-flux correlation are then listed. Finally, an outline of 
this manuscript is provided. 
 Chapter 2 details the results of an extensive literature review regarding the 
kinematic constitutive relation of the drift-flux model. This relation uses the drift velocity 
and distribution parameter values calculated by various drift flux-correlations. Important 
drift-flux correlations that have been previously developed for this purpose are discussed. 
The objective of this work is to develop a new rod bundle drift-flux correlation that 
adjusts for the effects of two-phase flow hydrodynamics associated with low liquid flow 
and low pressure conditions. Significant detail is provided for a recently collected 
database that is suitable for use in developing the new correlation. Details for other 
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databases that are publicly available and represent the conditions of interest are also 
discussed. Finally, comparisons are made between the databases to draw conclusions on 
which data is suitable for use in developing a new correlation. 
 Chapter 3 details the experimental test facility utilized to collect low liquid flow 
and low pressure data. The test matrix and measurements collected from the rod bundle 
facility are discussed. These measurements are analyzed and compared against other 
available databases to demonstrate that these measurements appropriately represent two-
phase flow conditions in a rod bundle at low pressure and low liquid velocity conditions. 
 Chapter 4 demonstrates the applicability of earlier drift-flux correlations towards 
the low liquid flow and low pressure data. The causes of uncertainty in these correlations 
for calculating this data is also discussed. The EPRI (Chexal and Lellouche, 1986) 
performs the best when compared to other earlier correlations. However, the heavily 
empirical nature of the EPRI correlation lends itself to uncertainty if it is applied to 
conditions that are not represented by the data utilized in its formulation. Relatively 
larger error is observed for the EPRI correlation is observed in the conditions where 
recirculation flow patterns would be most developed. 
 Chapter 4 outlines the approach for developing a new rod bundle correlation. 
Details for physical justification for the new distribution parameter correlation are 
provided. A primary observation is a region of increase and a region decrease in 
distribution parameter as superficial gas velocity increases. The two regions are 
associated with differing two-phase flow structures that support or mitigate secondary 
flow patterns. In order to designate the transition between these regions, a critical void 
fraction condition is utilized. The use of void fraction to serve as a transition condition is 
inspired by previous work that designates boundaries between flow regimes with a void 
fraction condition. 
 Chapter 5 details the results of a performance analysis for the new drift-flux 
correlation as compared to earlier correlations. Void fraction calculation error is also 
tabulated. A scaling analysis is performed to demonstrate that the new correlation is 
applicable to plant scale pressure conditions. Lastly, calculations for distribution 
parameter and drift velocity are shown with respect to void fraction. This is meant to 
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illustrate physically inappropriate dependencies on void fraction within rod bundle 
correlations. 
 
 The major conclusions for this work are tabulated as follows: 
 
I. Secondary flow patterns in two-phase flow channels may be present at low liquid 
velocity and low pressure conditions because of the increased significance in 
gravitational forces from phase density difference. Such conditions may be 
associated with accident transients or more advanced nuclear power plant designs 
that are intended for operation at natural circulation conditions. 
 
II. The rod bundle case width and flow area is representative of a large diameter flow 
channel. Therefore, these two geometries may share some of the same 
hydrodynamic characteristics. Furthermore, similar void fraction profiles have 
been measured in large diameter flow channels (Ohnuki and Akimoto, 1996) and 
rod bundles (Paranjape et al., 2010) at low liquid velocity and low pressure 
conditions. Simultaneously, secondary flow patterns have been measured in large 
diameter flow channels (Ohnuki et al., 1995). Based on this, secondary flow may 
also be a significant mechanism occurring rod bundles. 
 
III. Earlier drift-flux correlations developed with data that placed emphasis on higher 
pressure or higher liquid flow conditions may not appropriately account for the 
effects of secondary flow patterns. 
 
IV. A literature survey finds that the databases from Anklam and Miller (1982), 
Kumamaru et al. (1994), Yang et al. (2012), and Hibiki et al. (2014) are 
associated with low liquid flow and low pressure data. The test facility utilized by 
Kumamaru et al. (1994) is circular and small compared to the square test section 
used by Anklam and Miller (1982). Therefore, secondary flow patterns may be 
inhibited in the Kumamaru et al. (1994) test facility. In the Yang et al. (2012) test 
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facility, an impedance wire mesh is utilized to measure void fraction. This 
obstructs two-phase flow and may influence their void fraction measurements. 
Considering this, the Hibiki et al. (2014) and Anklam and Miller (1982) databases 
may represent two-phase flow in rod bundles at low pressure and low liquid flow 
conditions more appropriately than the Kumamaru et al. (1994) and Yang et al. 
(2012) databases. 
 
V. The drift velocity correlation of Hibiki et al. (2003) for large diameter channels is 
utilized in the new correlation for rod bundles because it may appropriately 
consider the transition from the bubbly to cap-turbulent flow regimes. This 
correlations adjusts between the Ishii (1977) drift velocity correlation for bubbly 
flow and the Kataoka and Ishii (1987) correlation which accounts for the effects 
of larger cap bubbles. 
 
VI. Distribution parameter is back calculated from the low liquid flow and low 
pressure data using the Hibiki et al. (2003) drift velocity in the one-dimensional 
kinematic constitutive relation of the drift-flux model. The results of this approach 
demonstrate that distribution parameter first increases and then exponentially 
decreases as superficial gas velocity increases. These regions may designate 
differences in flow structure (flow regime) that promote or inhibit secondary flow 
patterns. 
 
VII. Void fraction at the transition between increasing and decreasing distribution 
parameter is plotted against superficial liquid velocity. The transitional void 
fraction increases with superficial liquid velocity. This may be attributed to 
bubble residence time. Increasing liquid flow rate decreases the amount of time 
bubbles have to interact and coalesce over a given length of travel. Therefore, a 
greater void fraction may be necessary to achieve a flow structure dominated by 
larger bubbles at higher liquid flow rates. The new distribution parameter 




VIII. The new correlation performs well when calculating the void fraction data from 
Hibiki et al. (2014). It also returns significantly less error than earlier correlations 
when calculating the data of Anklam and Miller (1982). This correlation is 
applicable to the adiabatic bubbly flow regime and the cap-bubbly and churn-
turbulent flow regimes. 
 
IX. A scaling analysis demonstrates that the new correlation should be applicable to 
the increased pressure systems. 
 
X. The dependency of drift velocity and distribution parameter on void fraction by 
the new correlation may be more appropriate than the EPRI (Chexal and 
Lellouche, 1986) correlation. 
 
7.2 Recommendations for Future Work 
 
Recommendations for future work are tabulated below: 
 
 The newly proposed correlation may be extended into sub cooled boiling 
conditions. Julia et al. (2009) developed a detailed analytical model for rod bundle 
subchannels at sub-cooled boiling conditions. Their findings could be 
incorporated into this model to extend applicability. 
 Local two-phase flow data should be measured in order to directly determine 
distribution parameter. This may either confirm the new correlation or at least 
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Appendix A – Simplified Correlation 
 
The critical void fraction determined from Eq. (4.7) may be replaced by a 
constant value for simplicity. Figure 26 illustrates the proposed correlation when a 
constant critical void fraction is utilized. 
The reduction in accuracy for implementing a constant critical void fraction is 
minimal. In this case, the critical void fraction is set to 20% and the resulting average 




  condition shown in Fig. 18 to the right or left, respectively. This may improve 
performance for associated data. For instance, the correlation line for 
fj  = 1.00 m/s in 









Figure A.1. Comparison of the low liquid velocity and low pressure data with the new 
correlation using a constant critical void fraction (a) drift-flux plane (b) void fraction 
calculation. 
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Appendix B – Data Reproduced from Literature 
 





<j f> <j g> <α> <j f> <j g> <α> <j f> <j g> <α> <j f> <j g> <α>
[m/s] [m/s] [ - ] [m/s] [m/s] [ - ] [m/s] [m/s] [ - ] [m/s] [m/s] [ - ]
0.00 0.0629 0.136 0.00 0.450 0.319 0.00 2.26 0.622 0.00 9.48 0.885
0.00 0.0643 0.138 0.00 0.458 0.301 0.00 2.29 0.629 0.00 9.54 0.899
0.00 0.0790 0.156 0.00 0.492 0.329 0.00 2.41 0.634 0.00 9.52 0.899
0.00 0.0807 0.160 0.00 0.501 0.315 0.00 2.44 0.632 0.00 9.58 0.911
0.00 0.0950 0.167 0.00 0.535 0.344 0.00 2.51 0.646 0.00 9.84 0.913
0.00 0.0971 0.170 0.00 0.544 0.318 0.00 2.54 0.645 0.00 9.89 0.926
0.00 0.113 0.172 0.00 0.577 0.356 0.00 2.59 0.656
0.00 0.115 0.174 0.00 0.587 0.334 0.00 2.63 0.649
0.00 0.127 0.180 0.00 0.632 0.373 0.00 2.64 0.662
0.00 0.130 0.181 0.00 0.643 0.348 0.00 2.67 0.662
0.00 0.145 0.192 0.00 0.676 0.378 0.00 1.37 0.524
0.00 0.148 0.187 0.00 0.687 0.370 0.00 1.40 0.517
0.00 0.160 0.196 0.00 0.719 0.398 0.00 2.71 0.644
0.00 0.163 0.201 0.00 0.731 0.374 0.00 2.75 0.655
0.00 0.201 0.213 0.00 0.763 0.410 0.00 4.24 0.740
0.00 0.205 0.215 0.00 0.776 0.395 0.00 4.33 0.730
0.00 0.242 0.238 0.00 0.952 0.408 0.00 5.82 0.799
0.00 0.246 0.228 0.00 0.966 0.392 0.00 5.88 0.793
0.00 0.283 0.252 0.00 1.45 0.514 0.00 6.34 0.819
0.00 0.288 0.239 0.00 1.48 0.515 0.00 6.41 0.816
0.00 0.324 0.269 0.00 1.74 0.552 0.00 7.12 0.846
0.00 0.331 0.256 0.00 1.77 0.570 0.00 7.18 0.851
0.00 0.366 0.284 0.00 1.92 0.583 0.00 8.43 0.857
0.00 0.373 0.267 0.00 1.95 0.582 0.00 8.48 0.864
0.00 0.408 0.296 0.00 2.12 0.598 0.00 8.43 0.872
0.00 0.415 0.278 0.00 2.15 0.596 0.00 8.51 0.885
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Table B.2. <jf> = 0.10 m/s data reproduced from Hibiki et al. (2014). 
 
<j f> <j g> <α> <j f> <j g> <α>
[m/s] [m/s] [ - ] [m/s] [m/s] [ - ]
0.112 10.0 0.897 0.0894 0.249 0.190
0.112 9.66 0.896 0.0893 0.255 0.183
0.112 9.04 0.883 0.0970 0.123 0.131
0.113 8.35 0.867 0.0972 0.126 0.131
0.113 7.56 0.849 0.0958 0.0610 0.0889

































Table B.3. <jf> = 0.25 m/s data reproduced from Hibiki et al. (2014). 
 
<j f> <j g> <α> <j f> <j g> <α>
[m/s] [m/s] [ - ] [m/s] [m/s] [ - ]
0.266 8.97 0.826 0.262 0.654 0.262
0.265 9.24 0.826 0.262 0.668 0.262
0.267 8.75 0.824 0.253 0.435 0.206
0.267 8.99 0.824 0.254 0.443 0.206
0.262 8.19 0.819 0.256 0.536 0.233
0.263 8.40 0.819 0.255 0.548 0.233
0.259 7.64 0.814 0.251 0.251 0.160
0.258 7.83 0.814 0.250 0.257 0.160
0.260 7.05 0.804 0.269 0.124 0.117
0.261 7.20 0.804 0.269 0.127 0.117
0.264 6.13 0.784 0.265 0.0616 0.0820
0.264 6.28 0.784 0.265 0.0632 0.0820
0.245 5.23 0.765 0.263 0.0306 0.0542

























Table B.4. <jf> = 0.50 m/s data reproduced from Hibiki et al. (2014). 
 
<j f> <j g> <α> <j f> <j g> <α>
[m/s] [m/s] [ - ] [m/s] [m/s] [ - ]
0.494 8.00 0.788 0.494 0.649 0.238
0.493 8.29 0.788 0.495 0.660 0.238
0.495 7.76 0.787 0.494 0.506 0.204
0.494 8.06 0.787 0.495 0.517 0.204
0.498 7.28 0.776 0.497 0.520 0.214
0.497 7.56 0.776 0.496 0.534 0.214
0.502 6.79 0.765 0.491 0.250 0.147
0.500 7.05 0.765 0.491 0.257 0.147
0.508 6.25 0.749 0.489 0.124 0.108
0.508 6.48 0.749 0.489 0.127 0.108
0.502 5.55 0.725 0.491 0.0615 0.0752



























Table B.5. <jf> = 0.75 m/s data reproduced from Hibiki et al. (2014). 
 
<j f> <j g> <α> <j f> <j g> <α>
[m/s] [m/s] [ - ] [m/s] [m/s] [ - ]
0.762 6.70 0.736 0.762 0.607 0.222
0.764 7.04 0.736 0.763 0.619 0.222
0.764 6.60 0.733 0.764 0.483 0.192
0.764 6.94 0.733 0.763 0.492 0.192
0.759 6.29 0.721 0.763 0.521 0.206
0.760 6.60 0.721 0.764 0.540 0.206
0.763 5.90 0.700 0.767 0.247 0.137
0.764 6.21 0.707 0.766 0.256 0.137
0.768 5.51 0.696 0.769 0.124 0.0880





























Table B.6. <jf> = 1.00 m/s data reproduced from Hibiki et al. (2014). 
 
<j f> <j g> <α> <j f> <j g> <α>
[m/s] [m/s] [ - ] [m/s] [m/s] [ - ]
1.02 5.96 0.700 1.02 0.644 0.242
1.02 6.33 0.700 1.02 0.669 0.242
1.02 5.86 0.692 1.02 0.481 0.202
1.02 6.20 0.692 1.02 0.500 0.202
1.02 5.54 0.680 1.02 0.482 0.212
1.02 5.88 0.680 1.02 0.503 0.212
1.01 5.23 0.666 1.01 0.241 0.148































Table B.7. Data reproduced from Anklam and Miller (1982). 
 
<j f> <j g> <α> P <j f> <j g> <α> P
[m/s] [m/s] [ - ] [MPa] [m/s] [m/s] [ - ] [MPa]
0.11 0.26 0.15 4 0.07 0.41 0.29 8.1
0.09 1.08 0.43 4 0.05 0.68 0.40 8.1
0.06 2.20 0.64 4 0.04 0.87 0.52 8.1
0.04 3.00 0.70 4 0.03 1.07 0.52 8.1
0.02 3.56 0.82 4 0.01 1.27 0.64 8.1
0.05 0.16 0.09 4.2 0.05 0.05 0.07 7.7
0.04 0.60 0.29 4.2 0.04 0.21 0.17 7.7
0.02 1.14 0.46 4.2 0.03 0.36 0.24 7.7
0.01 1.53 0.52 4.2 0.02 0.46 0.34 7.7
0.01 0.05 0.07 4 0.02 0.57 0.32 7.7
0.01 0.18 0.12 4 0.01 0.67 0.44 7.7
0.00 0.34 0.25 4 0.01 0.77 0.42 7.7
0.11 0.32 0.25 7.5 0.02 0.03 0.07 7.5
0.08 0.98 0.50 7.5 0.02 0.11 0.10 7.5
0.05 1.47 0.60 7.5 0.01 0.18 0.14 7.5
0.03 1.82 0.73 7.5 0.01 0.23 0.22 7.5
0.05 0.22 0.18 7 0.01 0.28 0.21 7.5
0.03 0.57 0.36 7 0.00 0.34 0.30 7.5
0.02 0.82 0.45 7
0.01 0.99 0.56 7
0.01 0.11 0.11 7.1
0.01 0.26 0.23 7.1
0.08 0.44 0.23 4
0.06 1.15 0.43 4
0.04 1.66 0.51 4
0.04 2.02 0.62 4
0.03 2.38 0.63 4
0.02 2.76 0.71 4
0.01 3.10 0.76 4
0.03 0.26 0.15 3.9
0.02 0.59 0.29 3.9
0.02 0.83 0.37 3.9
0.01 1.00 0.45 3.9
0.01 1.17 0.47 3.9
0.01 1.35 0.54 3.9
0.08 0.11 0.14 8.1
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Table B.8. Data reproduced from Kumamaru et al. (1994)*. 
 
*Superficial gas and liquid velocities calculated using equilibrium quality assumption. 
<j f> <j g> <α> P <j f> <j g> <α> P
[m/s] [m/s] [ - ] [MPa] [m/s] [m/s] [ - ] [MPa]
0.006 0.068 0.12 2.98 0.003 0.243 0.26 2.98
0.011 0.116 0.19 2.98 0.006 0.406 0.37 2.98
0.020 0.280 0.32 3.01 0.009 0.899 0.61 3.01
0.038 0.603 0.51 3.02 0.016 1.84 0.82 3.02
0.070 0.852 0.57 3.05 0.038 2.56 0.86 3.05
0.101 1.15 0.61 3.06 0.058 3.43 0.89 3.06
0.006 0.026 0.07 6.88 0.003 0.103 0.17 6.88
0.012 0.063 0.12 6.87 0.003 0.246 0.35 6.87
0.022 0.126 0.22 6.91 0.008 0.412 0.51 6.91
0.044 0.235 0.35 6.91 0.019 0.748 0.69 6.91
0.078 0.380 0.46 6.92 0.039 1.17 0.78 6.92
0.112 0.500 0.50 6.90 0.062 1.53 0.81 6.90
0.008 0.012 0.06 11.8 0.004 0.053 0.16 11.8
0.017 0.007 0.04 11.8 0.010 0.072 0.20 11.8
0.028 0.050 0.18 11.8 0.011 0.208 0.42 11.8
0.052 0.114 0.32 11.8 0.024 0.389 0.60 11.8
0.087 0.214 0.42 11.8 0.038 0.682 0.74 11.8
0.126 0.283 0.44 11.8 0.062 0.897 0.77 11.8
0.004 0.185 0.23 2.98 0.001 0.364 0.34 2.98
0.007 0.309 0.33 2.98 0.002 0.604 0.48 2.98
0.013 0.692 0.54 3.01 0.001 1.32 0.75 3.01
0.023 1.43 0.74 3.02 0.000 2.69 0.92 3.02
0.049 1.99 0.79 3.05 0.017 3.73 0.92 3.05
0.072 2.67 0.82 3.06 0.029 4.99 0.92 3.06
0.004 0.077 0.15 6.88 0.000 0.156 0.24 6.88
0.006 0.185 0.29 6.87 0.000 0.373 0.45 6.87
0.013 0.316 0.44 6.91 0.000 0.608 0.63 6.91
0.027 0.577 0.60 6.91 0.002 1.10 0.82 6.91
0.052 0.907 0.70 6.92 0.013 1.71 0.88 6.92
0.078 1.19 0.74 6.90 0.027 2.23 0.89 6.90
0.005 0.039 0.13 11.8 0.001 0.081 0.22 11.8
0.012 0.050 0.16 11.8 0.005 0.116 0.28 11.8
0.017 0.155 0.37 11.8 0.000 0.316 0.53 11.8
0.033 0.297 0.52 11.8 0.004 0.577 0.72 11.8
0.054 0.526 0.64 11.8 0.005 1.00 0.85 11.8
0.084 0.692 0.68 11.8 0.018 1.32 0.86 11.8
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Table B.9. Data reproduced from Yang et al. (2012). 
<j f> <j g> <α> P <j f> <j g> <α> P
[m/s] [m/s] [ - ] [MPa] [m/s] [m/s] [ - ] [MPa]
0.088 0.065 0.25 0.1 0.097 3.48 0.74 0.3
0.089 0.13 0.25 0.1 0.19 0.14 0.28 0.3
0.089 0.27 0.32 0.1 0.19 0.29 0.37 0.3
0.092 0.54 0.40 0.1 0.19 0.58 0.50 0.3
0.10 1.53 0.62 0.1 0.20 0.93 0.58 0.3
0.10 2.47 0.72 0.1 0.20 1.90 0.65 0.3
0.10 5.20 0.82 0.1 0.20 3.16 0.68 0.3
0.10 8.33 0.88 0.1 0.34 0.30 0.32 0.3
0.93 0.28 0.29 0.1 0.34 0.58 0.43 0.3
0.91 0.55 0.34 0.1 0.34 0.94 0.52 0.3
0.90 1.40 0.41 0.1 0.34 1.89 0.62 0.3
0.88 2.16 0.47 0.1 0.34 2.92 0.64 0.3
0.80 4.27 0.58 0.1 0.86 0.30 0.25 0.3
0.73 6.19 0.68 0.1 0.86 0.60 0.37 0.3
1.40 0.55 0.33 0.1 0.84 0.93 0.46 0.3
1.36 1.31 0.39 0.1 0.81 1.84 0.58 0.3
1.35 1.87 0.43 0.1 0.78 2.68 0.61 0.3
1.24 3.47 0.52 0.1 1.33 0.59 0.27 0.3
1.23 4.91 0.58 0.1 1.31 0.89 0.32 0.3
0.42 0.27 0.27 0.1 1.26 1.89 0.42 0.3
0.43 0.54 0.35 0.1 1.20 2.93 0.51 0.3
0.44 1.58 0.46 0.1
0.44 2.32 0.51 0.1
0.42 4.72 0.60 0.1
0.38 7.12 0.70 0.1
0.28 0.27 0.31 0.1
0.28 0.54 0.40 0.1
0.28 1.46 0.52 0.1
0.28 2.48 0.57 0.1
0.27 4.89 0.63 0.1
0.26 7.53 0.67 0.1
0.091 0.10 0.33 0.3
0.093 0.25 0.41 0.3
0.094 0.56 0.49 0.3
0.096 1.05 0.60 0.3
0.097 1.95 0.69 0.3
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Appendix C – Equilibrium Quality Assumption 
 
 The following method is utilized to calculate the superficial gas velocity and 
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Here, x, h, hfs, hfg, hin, z, AF, and q’ are steam quality, specific enthalpy, specific enthalpy 
of saturated liquid, specific heat of vaporization, specific enthalpy at inlet, axial length, 
flow area, and linear heat rate. 
